2+ ions play a vital role as second messengers in plant cells during various developmental processes and in response to environmental stimuli. Plants have evolved a diversity of unique proteins that bind Ca 2+ using the evolutionarily conserved EF-hand motif. The currently held hypothesis is that these proteins function as Ca 2+ sensors by undergoing conformational changes in response to Ca 2+ -binding that facilitate their regulation of target proteins and thereby co-ordinate various signalling pathways. The three main classes of these EF-hand Ca 2+ sensors in plants are CaMs [calmodulins; including CMLs (CaM-like proteins)], CDPKs (calcium-dependent protein kinases) and CBLs (calcineurin B-like proteins). In the plant species examined to date, each of these classes is represented by a large family of proteins, most of which have not been characterized biochemically and whose physiological roles remain unclear. In the present review, we discuss recent advances in research on CaMs and CMLs, CDPKs and CBLs, and we attempt to integrate the current knowledge on the different sensor classes into common physiological themes.
INTRODUCTION
The ability of cells to respond to external stimuli in a timely and specific manner is a recurring theme in biology. In the paradigm of information processing by cells, stimulus perception is followed by signal transduction and culminates in an appropriate physiological response. The propagation and amplification of signals involves rapid changes in subcellular levels of second messengers such as Ca 2+ ions, cyclic nucleotide monophosphates, inositiol polyphosphates, and a host of other small molecules. These messengers relay information to myriad downstream effectors such as enzymes, cytoskeletal proteins, transcription factors, etc. that comprise the cellular machinery responsible for changes in gene and protein expression, metabolic activity and developmental patterning.
In eukaryotes, Ca 2+ serves as a universal second messenger whose cytosolic concentration is tightly regulated by Ca 2+ transporters. Resting cytosolic [Ca 2+ ] is kept low (∼100 -200 nM) due to its potential toxicity at elevated levels. Consequently, a steep concentration gradient is established between the cytosol and Ca 2+ stores. Animal cells rely primarily on the ER (endoplasmic reticulum) and mitochondria for intracellular Ca How does specificity of response derive from such an apparently universal mechanism? The Ca 2+ signature hypothesis suggests that stimulus-specific spatial and temporal Ca 2+ flux patterns encode information that help a cell co-ordinate the appropriate cellular responses [1, 5, 6] . Although this hypothesis remains somewhat controversial [4, 7] , it has proven to be a good working model. Certainly, Ca 2+ signals are but one part of the intracellular language used for timely and precise communication in cells.
A corollary of encoding information in a Ca 2+ signal is the need to decode such information. For this task, cells employ an array of CBPs (Ca 2+ -binding proteins) that serve as Ca 2+ sensors ( Figure 1 ). In general, CBPs that function as sensors undergo conformational changes upon Ca 2+ binding that allow them to interact with downstream effectors [3, 8] . The most common Ca 2+ -binding structural motif in proteins is the EF-hand. Typically, EF-hands occur in pairs and facilitate high-affinity cooperative binding of Ca 2+ . This helix-loop-helix structure has been extensively studied [8] [9] [10] and is found in more than 250 proteins encoded in the Arabidopsis genome [11] . Not surprisingly, the majority of EF-hand Ca 2+ sensors remain unstudied in plants. The three largest categories of EF-hand proteins in plants are the CaMs (calmodulins) and CMLs (CaM-like proteins), the CDPKs (Ca 2+ -dependent protein kinases), and the CBLs (calcineurin B-like proteins). Of these, only CDPKs represent 'responders' capable of directly transducing a signal via catalytic activity, whereas CaMs/CMLs and CBLs are non-catalytic relay sensors that regulate dowstream targets (Figure 2 ). Although CaM is found in all eukaryotes, CMLs, CDPKs and CBLs are restricted to plants and some protists.
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Figure 1 The Ca 2+ signalling paradigm
Developmental and environmental cues are perceived at the cell surface or intracellularly and induce stimulus-specific, rapid and transient increases in [ A number of excellent reviews have examined various aspects of Ca 2+ signalling in plants [1, 12] and the properties of Ca 2+ -binding domains in eukaryotic proteins [8] . The purpose of the present review is to discuss recent advances in our understanding of the major classes of Ca 2+ sensors in plants from a physiological perspective.
CaM AND CML PROTEINS
CaM is among the most highly conserved of eukaryotic proteins and has been studied in great detail. Animal genomes typically contain only a few CaM genes (e.g. three in humans), whereas plant genomes have multiple CaM genes that encode identical CaMs or highly similar isoforms. For example, the Arabidopsis genome contains seven different CaM genes; two sets encode identical isoforms (CaM1 and CaM4; CaM2, CaM3 and CaM5) that are both approx. 89 % identical with human CaM. In addition, two genes (CaM6 and CaM7) encode closely related (∼ 99 % identity with CaM2) but distinct CaM isoforms [13] . The evolutionary conservation of multiple genes encoding highly similar or identical proteins illustrates the importance of CaM in plants and allows for differential expression of specific CaMs in response to developmental and environmental signals [12, 14] .
Structurally, CaM is a small (∼ 150 residues), acidic protein comprised of a flexible central helical region which joins two globular domains each containing a pair of EF-hands that bind Ca 2+ with positive co-operativity [8] . Ca 2+ -binding to CaM induces exposure of hydrophobic clefts that can then interact with downstream targets. CaMBDs (CaM-binding domains) are, in general, not highly conserved in primary sequence among different targets (except within protein families) but rather share a common secondary structure, an amphipathic α-helix that typically binds CaM with high affinity and specificity [8, 9, 15] . The diversity of CaM-binding proteins in animals and plants is impressive and includes kinases, cytoskeletal proteins, metabolic enzymes, transcription factors, channels and pumps and many proteins of unknown function [9, 14] .
Recent work has begun to characterize the mechanisms of CaM target interaction and specificity [16] [17] [18] . The ability of CaM to bind and regulate a vast array of targets probably derives from three important characteristics [16] . First, the linker region of CaM imparts it with substantial flexibility. Secondly, CaM can bind certain targets in the Ca 2+ -free (apo) state. Thirdly, the hydrophobic surface of CaM, through which it typically interacts with targets, is flexible due to a large number of methionine residues. In addition, selective target regulation by different CaM isoforms probably provides increased versatility in signalling pathways. For example, soya bean sCaM1 and sCaM4 share 90 % and 78 % identity with animal CaM respectively, and a slight difference in the C-lobe of sCaM1 results in a larger hydrophobic target-binding pocket that probably defines its targets [18] . As more structural data for CaMs, CMLs and their targets becomes available, additional mechanisms of specificity are expected to emerge.
In addition to conserved CaMs, plants possess an extended family of CMLs. The Arabidopsis and rice genomes are predicted to encode 50 and 26 CMLs respectively, that show 16 -74.5 % sequence identity with AtCaM2 (where At is Arabidopsis thaliana), possess no other known functional motifs, and range in predicted length from 83 to 330 residues [13, 19] . Similar to CaM, most CMLs have four predicted EF-hands, although this number may range from 1 to 6 [13, 19] . These values should be interpreted cautiously because, to date, there has been little empirical characterization of Ca 2+ -binding by CMLs. Sequence divergence within the EF-hands of CMLs probably enables differential response among family members to Ca 2+ signals [12, 20] , but experimental support of this hypothesis is needed.
CDPKs
CDPKs, often annotated as CPK families (e.g. Arabidopsis AtCPK1-AtCPK34), are unique to plants (and certain protists) and have been implicated in the majority of Ca 2+ -responsive kinase activity in plants [21, 22] . In Arabidopsis, 34 CDPKs comprise one of seven serine/threonine kinase families within the CDPK/SnRK (where SnRK is sucrose non-fermenting kinase) superfamily [21, 23] . Similar CDPK families have also been identified in rice (31 members) [24, 25] , poplar (30 members) and wheat (estimated 26 unique members in the diploid genome) [26] .
CDPKs range from ∼ 40 to 90 kDa, and are composed of five domains. Much of the difference in CDPK size between isoforms can be attributed to the variable domain at the N-terminus, which ranges from 21 to 185 amino acids in length among Arabidopsis CDPKs, and shows little sequence conservation [21] . Conversely, the catalytic region is a highly conserved serine/threonine kinase domain [27] . Adjacent to the kinase domain is a pseudosubstrate-containing autoinhibitory junction domain that is capable of inhibiting kinase activity via interaction with the active site. The CLD (CaM-like domain) is positioned next to the autoinhibitory domain and is responsible for Ca 2+ -binding, and in most CDPKs appears to have four functional EF-hands [21] . The C-terminal domain is relatively short and variable.
The CLD is believed to have evolved from an ancestral intron recombination event that led to the fusion of a CaMK (CaM-binding protein kinase) and CaM [28] . As such, CDPKs have structural homology to animal CaMKII, with the addition of the CLD at the C-terminus [29] . Two models currently exist for CLD regulation of CDPK activity. In the first model, upon Ca 2+ binding, the CLD binds to the junction domain, displacing the autoinhibitor and activating the kinase [28] . An alternative model suggests that the C-terminal lobe of the CLD is Ca 2+ -loaded at resting Ca 2+ levels, with the CLD pre-bound to the junction domain. In this model, CDPK stimulation requires Ca 2+ -binding by the N-terminal lobe of the CLD at approx. 1 μM Ca 2+ [30, 31] . Evidence shows certain CDPK isoforms can also be activated by phospholipids, 14-3-3 proteins, and phosphorylation by other protein kinases [32] [33] [34] [35] .
A number of potential CDPK substrates and phophorylation motifs have been identified to date and are reviewed elsewhere [6, 21, 27] . It should be noted, however, that most of these putative targets have not been confirmed as in vivo CDPK substrates. The diversity of potential CDPK targets is not surprising and indicates the participation of CDPKs in many signal transduction pathways. High-throughput screening techniques have recently been utilized for the detection of novel CDPK targets. A semi-degenerate peptide array identified peptide sequences phosphorylated by recombinant AtCPK32 [36] . Analysis of the corresponding parent proteins revealed ten putative substrates of AtCPK32, the majority of which were not targeted by related kinases. In addition, a modified Y2H (yeast two-hybrid) system has also been used to screen libraries for CDPK substrates. This screen identified a common AtCPK4 and AtCPK11 target, AtDi19, and members of the AtDi family have since been found to interact with other Arabidopsis CDPK isoforms [37, 38] . A similar Y2H approach was recently used to identify multiple overlapping and isoformspecific targets of AtCPK4 and AtCPK11 [39] . Although such high-throughput techniques are not without caveats, they are valuable tools that can guide in vivo analyses aimed at identifying CDPK substrates. [42] . The majority of work performed on CCaMKs has been conducted in legumes and suggests that CCaMKs play important roles in mediating symbiotic relationships with bacteria and fungi (see below).
CBLs
CBLs are the third significant group of Ca 2+ sensors that are unique to plants and, to a limited extent, protozoa [43] . They display sequence similarity to NCS (neuronal Ca 2+ sensors) and calcineurin B from animals. Indeed, when the first plant CBLs were isolated, they were hypothesized to be the Ca 2+ sensors of a phosphatase orthologous to the mammalian and yeast calcineurins [44, 45] . Thus it came as an intriguing surprise when CBLs were demonstrated to be regulatory subunits for plant-specific serine/threonine protein kinases [CIPKs (CBLinteracting protein kinases)] [45] [46] [47] . The kinase domain of CIPKs is related to sucrose non-fermenting-like kinases and AMPKs (AMP-dependent kinases) from yeast and mammals respectively. However, CIPKs possess a unique C-terminal region that is responsible for their association with CBLs. A number of studies have examined interaction specificity among Arabidopsis CIPKs and CBLs [45, 48, 49] . In general, this interaction is characterized by overlap among some family members: some CBLs partner with several CIPKs and, reciprocally, some CIPKs partner with multiple CBLs. This complexity probably provides a level of redundancy as well as increased versatility in responding to Ca 2+ signals. Database analysis of Arabidopsis, rice and poplar genomes predicts each to possess approx. ten CBL and 25-30 CIPK family members [43, 50] . Consequently, although the CBL Ca 2+ sensor family shows less expansion than either the CaM/CML or CDPK families, the multiplicity of CBL/CIPK partnering provides for an impressive diversity of Ca 2+ -responsive complexes. The architecture of CBLs is reminiscent of CaM, with four EFhands representing the main structural domains. CBLs range in predicted size from approx. 23 to 26 kDa, making them slightly larger than CaM (∼ 17 kDa) and comparable in size with many CMLs. It should be noted that sequence similarity of CBLs to CaM is restricted to the EF-hands, and substitutions within the Ca 2+ -binding loops suggest their Ca 2+ -binding properties may be distinct from the EF-hands of CaM. Previous structural studies have provided insight into the Ca 2+ -binding properties of several CBLs and their interaction with CIPKs [51, 52] .
Analysis of AtCBL2 revealed that Ca 2+ is co-ordinated by the first and fourth EF-hands, whereas the second and third EF-hands remain in an open position. Although both EF-1 and EF-4 are non-canonical in AtCBL2, they co-ordinate Ca 2+ with pentagonal-bipyramidal geometry [53] . These findings emphasize the importance of empirical analysis over sequence-based Ca 2+ -binding predictions. Moreover, interaction with CIPKs may alter the Ca 2+ -binding properties of CBLs. For example, in the presence of AtCIPK14, all four EF-hands of AtCBL2 bound Ca 2+ [51] . However, Ca 2+ binding to AtCBL2 does not appear to be a prerequisite for CIPK14 interaction [51] , although it is probably required for kinase activation. It is interesting to compare the AtCBL2 -AtCIPK14 structural model with that proposed for AtCBL4 -AtCIPK24. Although the overall quaternary structures of both complexes are similar, only two Ca 2+ ions are bound by AtCBL4 (EF-1, EF-4) in complex with AtCIPK24 [52] . In contrast, free AtCBL4 is able to bind four Ca 2+ . Until additional studies allow for structural comparison among more CBL -CIPK complexes, it would be premature to suggest a generalized role for Ca 2+ in complex formation. It should also be taken into consideration that the crystallography studies to date have not used full-length CIPK proteins nor have possible effects of posttranslational modifications been examined. Nevertheless, it is tempting to speculate that differential Ca 2+ affinities among CBLs, some prebound to CIPKs, others not, contributes to a system with considerable flexibility in responding to Ca 2+ signals. Structural and biochemical analyses have revealed additional aspects of CBL/CIPK function. The NAF (or FISL) domain (enriched in asparagine, alanine and phenlyalanine residues) in the C-terminal region of CIPKs functions as both an autoinhibitory and CBL-binding domain [47, 54, 55] . In a mechanism reminiscent of that found in CaM kinases and CCaMK, autoinhibition of CIPKs by the NAF domain is relieved upon CBL binding through predominantly hydrophobic interaction [51, 52] . This triggers CIPK autophosphorylation and renders the complex in an active state [55] . It is noteworthy that there is a PPI motif (protein phosphatase type-2C interaction motif) adjacent to, and potentially overlapping, the NAF domain in CIPKs [52, 56] . This raises interesting possibilities for regulation of CIPKs through competitive binding of CBLs and phosphatases.
SUBCELLULAR DISTRIBUTION OF CDPKs, CaM/CMLs AND CBLs
Subcellular localization probably plays an important role in Ca 2+ sensor function. For example, the majority of CDPKs examined in rice, Arabidopsis and maize have myristoylation, palmitoylation and/or acylation motifs at their N-terminus [21, 24, 26] . The necessity of these lipid modifications to promote and stabilize membrane association of many CDPKs has been experimentally demonstrated [57] . CDPKs appear to be widely distributed among subcellular compartments including the cytosol, peroxisome, plasma membrane and nucleus, as well as in association with actin filaments, mitochondria and the ER [58] [59] [60] . There is also evidence that CDPK localization may be dynamic in response to stimuli [61] . Some examples of dynamic and isoformspecific CDPK, CaM/CML and CBL subcellular localization are presented in Figure 3 .
CaM is best known for its role as a cytosolic Ca 2+ sensor, however, evidence suggests a broader distribution (Figure 3 ). Interaction of CaM with transcription factors and other nuclear targets (e.g. CCaMKs) indicates that CaM is also present in the nucleus [62] [63] [64] [65] [66] [67] [68] . Post-translational modification (prenylation) of CaM53 from Petunia regulates its plasma membrane against nuclear localization [69] . In addition, Tic32 at the inner envelope of the chloroplast [70] and a chloroplastic chaperone [71] were reported to bind CaM, suggesting a role for CaM in chloroplasts. CaM has also been detected in peroxisomes [72] and it is noteworthy that CaM-binding Ca 2+ pumps and channels show broad distribution among organellar membranes [73, 74] . Interestingly, CaM has also been suggested to function extracellularly [75] [76] [77] . Less well-characterized members of the Arabidopsis CML family may also have diverse subcellular distribution. Several Arabidopsis CMLs are candidates for lipid modification and membrane localization (CML7, 21, 24 and 25), although this has not yet been demonstrated experimentally [13] . CML13 from Arabidopsis was identified in plasma membrane fractions, but the mechanism controlling its localization is unknown [78] . Interestingly, CML18 localizes to the vacuole and is thought to interact with a tonoplastic Na + /H + exchanger [79] . In addition, redistribution of CML19 from the cytosol to the nucleus has been observed in response to UV-C treatment [80] . Some CMLs possess putative organellar-targeting peptides [81, 82] , but experimental analysis is needed to determine their distribution. This model is not exhaustive and draws from examples across plant taxa. Specific CDPKs (also referred to as CPKs), CBLs/CIPKs or CaMs/CMLs have been found to localize to most subcellular compartments, as well as the extracellular matrix, and in some cases are known to relocate in response to stimuli (indicated by a dotted arrow). Many Ca 2+ sensors have been found to co-localize with specific subcellular targets (indicated by solid black arrows). Although the distribution of the majority of Ca 2+ sensors and targets presented have been experimentally derived, some remain speculative (denoted as ?). Sensors associated with internal membranes are shown as anchored (denoted by a wavy line) on the cytoplasmic face, although in many cases this has not been confirmed. The physiological functions of all sensors shown are described in the text. CNGC, cyclic nucleotide-gated cation channel; GAD, glutamate decarboxylase; GDI, guanine nucleotide dissociation inhibitor; HSP, heat-shock protein; NHX, Na + /H + exchanger.
Studies to date, showing tonoplast or plasma membrane localization, suggest a more limited subcellular distribution for CBLs compared with CDPKs or CaM/CMLs (Figure 3 ). Several CBLs are N-myristoylated (and in some cases Sacylated), and this modification contributes to their association with intracellular membranes [83, 84] . Elegant in vivo analyses recently demonstrated that anchoring of specific CBLs to the plasma or vacuolar membranes is critical for the recruitment of their CIPK partners [49] . The present model, therefore, is that dynamic recruitment of CIPKs, and by extension target phosphorylation, is regulated by CBL subcellular distribution [43, 47] .
PHYSIOLOGICAL FUNCTIONS OF Ca 2+ SENSORS
Gene expression analyses of CaMs/CMLs, CDPKs and CBLs laid the groundwork to suggest that these Ca 2+ sensors are involved in many developmental and stress-induced signal transduction pathways [12, 50, 85] . Recent advances in our understanding of the physiological roles of CaMs/CMLs, CDPKs and CBLs/CIPKs are discussed below. We have attempted to integrate the separate knowledge of each of these sensor classes under common physiological themes in order to provide a more comprehensive and holistic picture of their roles in Ca 2+ signalling. Although, for simplicity, we have divided our discussion on the physiological roles of theses Ca 2+ sensors into the two broad topics of development and stress response, it should be kept in mind that the latter can be considered a (transient) reprogramming of development and it is unwise to view them as exclusive or unrelated phenomena.
Development
Changes in expression, accumulation, and/or activity of specific CDPKs has been associated with diverse developmental processes such as embryogenesis in sandalwood [86] , cotton fibre elongation [87] , tuberization in potato [88] and pollen development and function in various plants [89] [90] [91] [92] . The latter is a well-studied, Ca 2+ -dependent, developmental process in plants. Inhibition of a maize pollen-specific CDPK has been shown to prevent pollen germination and tube growth [89] . In addition, a pollen tube-specific CDPK from tobacco can phosphorylate S-RNases (self-incompatibility RNases) in vitro, suggesting a role for CDPKs in self-incompatibility signalling [90] . Recently, two CDPKs expressed in Petunia inflata pollen (PiCDPK1 and PiCDPK2) were shown to play distinct roles in pollen tube development [91] . Overexpression of the plasma membranelocalized PiCDPK1 disrupts pollen tube polarity, whereas overexpression of PiCDPK2 inhibits pollen tube elongation. PiCDPK1 overexpression transgenics show elevated cytosolic [Ca 2+ ] at the pollen tip, suggesting that PiCDPK1 may regulate [Ca 2+ ] via inhibition of a plasma membrane-localized Ca 2+ pump [such as ACA1 (autoinhibited Ca 2+ -ATPase 1) in a manner similar to the regulation of ACA2 by AtCPK1 [91, 93] . The role of PiCDPK2 is less clear, given that the effect of PiCDPK2 overexpression is independent of its localization, kinase activity or Ca 2+ -dependence [91] . The function of CDPKs in pollen tube growth is further supported by genetic analysis of Arabidopsis AtCPK17 and AtCPK34. Double CPK17/CPK34 knockout mutants (cpk17cpk34) show a drastic reduction in pollen fitness and tube growth [92] . Furthermore, although the cpk17cpk34 phenotype can be rescued by expression of wildtype CPK34, no rescue is observed when a Ca 2+ -insensitive form of CPK34 is expressed [92] . Although AtCPK17 and AtCPK34 have been found to phosphorylate many substrates in vitro, in vivo target(s) remain unknown.
In comparison, protein targets for CaM that function in pollen germination and tube growth have been identified and include NPG1 (NO POLLEN GERMINATION 1), a protein of unknown function, and ACA9, a Ca 2+ -ATPase [73, 94] . Recently, the CaMregulated proteome of Picea meyeri germinating pollen was characterized through the application of pharmacological CaM inhibitors [95] . These compounds had dramatic affects on pollen germination and tube growth, induced a number of cellular abnormalities, and altered expression of 95 proteins, suggesting a broad role for CaM in pollen development [95] .
Seed development is another process where Ca 2+ sensor function has been examined. In rice, OsCPK19 (where Os is Oryza sativa) protein accumulates in developing seeds [96] , and when overexpressed causes development to halt at an early stage [97] . In comparison, OsCPK23 is expressed in developing seed endosperm, and appears to control starch biosynthesis via SuSy (sucrose synthase) [98] [99] [100] . Interestingly, transgenic rice expressing antisense OsCPK23 produce seeds with starch-deficient endosperm, but show no change in phloem sucrose, suggesting that OsCPK23 activates SuSy in a tissuespecific manner [100, 101] . Although CDPKs are known to phosphorylate other key metabolic enzymes in vitro such as nitrate reductase [102, 103] , and sucrose phosphate synthase [102, 104] , the regulation of primary metabolism in vivo by CDPKs is poorly understood and merits attention in future studies.
Developmental processes linked to regulation of the cell cycle and cell morphology is another area where CaM has been shown to function. An important CaM target in plants is a kinesin-like protein, KCBP, which plays a role in cell-cycle control and cell shape [105, 106] . Inhibition of CaM binding to KCBP causes cells to enter cell division prematurely. Kinesin is also regulated by another EF-hand protein, termed KIC (for kinesin-interacting protein) [107] . Interestingly, CML42 interacts with KIC, and cml42 knockout plants exhibit altered trichome morphology [108] , highlighting a role for multiple Ca 2+ sensors in trichome branching. Similarly, other members of the CML family have been implicated in regulation of cell division and cell shape. CML20 (also known as AtCEN1) interacts with TONNEAU1, a protein involved in cortical microtubule array organization [109] . Transgenic ton1 knockouts show a strong developmental phenotype resulting from disrupted microtubule organization and pre-prophase band formation that causes randomized planes of cell division [109] . A tobacco CDPK, NtCDPK1 (where Nt is Nicotiana tabacum), also appears to function in regulation of cell morphology, and has been shown to phosphorylate a regulatory subunit of the 26S proteosome, NtRpn3, in a Ca 2+ -dependent manner in vitro [110] . As these proteins are co-localized, and gene silencing of either NtCDPK1 or NtRpn3 results in abnormal cell morphology, it appears probable that NtCDPK1 plays an important role in cell-cycle signalling via regulation of NtRpn3.
CaM may also function as a developmental regulator through interaction with various transcription factors, including members of the NAC and WRKY families [64, 111] , but more work is needed to assess the effects of CaM binding on transcription factor activity. Interestingly, CaM itself has recently been reported to interact directly with DNA and regulate gene expression to promote photomorphogenic growth [112] . AtCaM7 was found to associate with a Z-box LRE (light-responsive element) in CAB1 and RBCS1A promoters [112] . Overexpression or knockout of AtCaM7 resulted in increased or decreased levels of CAB1 transcript respectively, suggesting that AtCaM7 acts to promote CAB1 expression [112] . It will be interesting to determine whether this is a unique phenomenon or whether additional genes are under direct CaM regulation.
Two closely related CMLs have been shown to play a role in co-ordination of the transition to flowering in Arabidopsis. Long day flowering is delayed in cml24 and cml23cml24 lossof-function mutants and in CML24 RNAi (RNA interference) plants [113, 114] . Analysis suggests that CML23 and CML24 function to define the transition to flowering through NO (nitric oxide)-mediated regulation of FLOWERING LOCUS C. While it appears that CML23 is not critical for regulation of flowering, some CML24 loss-of-function phenotypes are exacerbated in cml23cml24 double mutants, suggesting a partial overlap in function for CML23 and CML24 [113, 114] . Identification of downstream targets of both CML23 and CML24 is the next important step to clarify their roles in development.
Roles in hormone response
CDPK activity can be increased by exposure to various stimuli, including hormone treatment [115] [116] [117] , and a recent expression analysis of the rice CDPK family has revealed nine CDPKs that are strongly regulated at the transcript level by various phytohormones [118] .
The ability of constitutively active AtCPK10 and AtCPK30 from Arabidopsis to activate the HVA1 [barley ABA (abscisic acid)-responsive] promoter provided early evidence for ABA signal transduction by CDPKs [119] . ABA-activation of CDPK activity has also been reported in both tobacco [117] and rice [115] . Additionally, Arabidopsis AtCPK32, AtCPK10 and AtCPK30 phosphorylate ABA-responsive transcription factors {ABFs [ABRE (ABA-responsive element)-binding factors]} in vitro, including ABF4 [120] and ectopic overexpression of AtCPK32 leads to ABA hypersensitivity during seed germination [120] . Transcript analysis has also identified ABA-induced expression of a CDPK in Vicia faba [121] and grape berry (Vitis vinifera×Vitis lubrusca) [122] . The grape berry ABA-responsive CDPK ACPK1 shows ABA regulation of both gene expression and kinase activity, and heterologous expression of ACPK1 in Arabidopsis confers ABA hypersensitivity and increased growth [123] . ABA-response phenotypes among CDPK mutants have been described [124, 125] . By employing Arabidopsis cell-type specific microarray analysis [126] , guard cell-expressed CDPKs were identified, including AtCPK3 and AtCPK6. Transgenic knockouts of CPK3 or CPK6 were found to have impaired ABA/Ca 2+ activation of S-type anion channels and I Ca channels that function during stomatal closure. Double mutants (cpk6cpk3) have reduced stomatal response to ABA application relative to the wild-type [124] , but do not show a broad ABA-response phenotype, suggesting that these genes may play cell-specific roles. The two closest Arabidopsis homologues of grape berry ACPK1 are AtCPK4 and AtCPK11, and these have recently been shown to function in global ABA signal transduction pathways [125] . Single (cpk4, cpk11) or double (cpk4cpk11) mutants have reduced ABA sensitivity across developmental stages, whereas overexpression of either AtCPK4 or AtCPK11 led to ABAhypersensitivity and increased drought tolerance [125] . ABAinsensitivity is more pronounced in cpk4cpk11 mutants than in single mutants, reinforcing the need to study multi-gene knockouts among possibly redundant CDPKs. As with other ABA-responsive CDPKs [120] , AtCPK4 and AtCPK11 have been found to phosphorylate ABF transcription factors in vitro, although these ABFs may serve as substrates for other kinases as well [125, 127] . In comparison, the roles for CaM/CMLs in ABA signalling are not well known, but evidence suggests that they may function in response to other hormones. SAUR (small auxin up-regulated RNA) proteins are thought to play a role in auxin-mediated cell elongation and ZmSAUR1 (where Zm is Zea mays) from maize interacts with CaM [128] . Auxin signalling is critical for definition of apical-basal polarity in plant cells, and evidence suggests that CML12 may function in the establishment of cell polarity through interaction with PINOID, a serine/threonine protein kinase that regulates polar auxin transport by defining PIN protein localization [129] . Inhibition of CaM activity or blockage of Ca 2+ channels in plants overexpressing PINOID exacerbated root meristem collapse in these plants, indicating that Ca 2+ regulation is necessary in defining cell polarity [129] . Evidence suggests that CML12 negatively regulates PINOID activity, but further analysis is needed to clarify its role in auxin transport.
Auxins have also been shown to regulate the expression of various CDPKs from multiple taxa, including VrCDPK-1 from mungbean (Vigna radiata) [130] and MsCPK3 from alfalfa (Medicago sativa) [131] . Furthermore, the activity of a 50 kDa CDPK from cucumber was also found to be stimulated by indole acetic acid and NO during auxin-induced formation of adventitious roots [132] .
GAs (gibberellins) are another class of hormone implicated in Ca 2+ signalling in some tissues. RSG (REPRESSION OF SHOOT GROWTH) is a transcriptional activator of GA biosynthesis, and was identified as a 14-3-3 protein target in tobacco [133] . Upon 14-3-3 binding, RSG is sequestered in the cytosol, thereby inhibiting GA biosynthesis. It was recently demonstrated that the RSG kinase in tobacco is NtCDPK1, which phosphorylates RSG at Ser 114 in a Ca 2+ -dependent manner in vivo and thus directly regulates its association with a 14-3-3 protein [134] . Overexpression of NtCDPK1 inhibited the normal feedback regulation of GA biosynthesis, indicating a role for NtCDPK1 in GA signalling via decoding of Ca 2+ signals [134] . Similarly, an orthologue in barley (Hordeum vulgare), HvCDPK1, is involved in GA signalling in aleurone cells. Expression of an inactive form of HvCDPK1 disrupts both vacuolization of the cell and acidification of the vacuole [135] , which are well-known GA responses [136] . HvCDPK1 is capable of phosphorylating multiple vacuolar proteins and evidence suggests the V-ATPase (vacuolar type H + -ATPase) may be a substrate [135] . A role for CDPKs in ethylene signalling has been implied by the ability of CDPK isoforms to phosphorylate a tomato ACS [ACC (1-amino-cyclopropane-1-carboxylate) synthase] peptide in vitro [137] . As ACS catalyses the rate-limiting step in ethylene production, this could place CDPKs prominently in ethylene signal transduction. In response to ethylene, it appears that NtCDPK2 functions during cross-talk between CDPK and MAPK (mitogen-activated protein kinase) pathways [138] . Plants ectopically expressing a truncated form of NtCDPK2 (lacking the autoinhibition and CaM-like domains) responded to mild abiotic stress with HR (hypersensitive response)-like lesions which were attributed to increased ethylene levels, possibly through activation of ACS by NtCDPK2 [138] .
Brassinosteroids are another class of plant-specific hormones that play an important role in growth and development. An initial step in brassinosteroid pathways is catalysed by DWF1 (DWARF1), a cytochrome P450-like protein that was recently found to be regulated by Ca 2+ /CaM [139] . dwf1 mutant plants exhibit a severely stunted and infertile phenotype [140] and Ca 2+ /CaM regulation is critical for normal DWF1 function. Complementation of the dwf1 phenotype could be achieved by overexpression of full-length DWF1 but not DWF1 with a disrupted CaMBD [139] . The stunted phenotype of dwf1 mutants is reminiscent of that observed in transgenic tobacco expressing a GAD (glutamate decarboxylase) lacking its CaMBD [141] and highlights the role of CaM targets in plant development.
In comparison with CaMs/CMLs and CDPKS, the roles of CBLs/CIPKs in development and hormone response are less well established and may overlap their roles in the stress response (discussed below). Recently, Arabidopsis CIPK6 and its orthologue CaCIPK6 from chick pea (Cicer arietinum) were shown to function in auxin transport, lateral root formation and auxin-responsive gene expression [142] . The in vivo CBL partner is not clear, but CIPK6 is known to interact with CBL3 and CBL6 in vitro [50] .
Interestingly, a novel mechanism of CBL function was recently described in which Arabidopsis CBL3 was found to interact with a target, a 5 -methylthioadenosine nucleosidase, AtMTAN, independently from any CIPK partner [143] . CBL3 interacts with AtMTAN and inhibits its activity in a Ca 2+ -dependent manner [143] . AtMTAN functions in the methionine salvage pathway, which can indirectly impact the biosynthesis of ethylene and polyamines involved in growth, development and the stress response. Whether AtMTAN regulation by CBL3 is an isolated example of CIPK-independent function among CBLs remains to be determined. Regardless, it suggests a more complex picture of the role of CBLs as Ca 2+ sensors than previously envisioned and underscores the need to search for additional CBL targets.
Abiotic stress
Evidence for the importance of Ca 2+ signalling in plants during response to abiotic stimuli is extensive (see reviews [12] and [14] ), and in the present review we discuss recent advances in our understanding of CDPK, CaM/CML and CBL physiological function during abiotic stress response.
In rice, the expression of many CDPKs is induced by abiotic stimuli and stress-responsive cis-elements are predicted in the promoters of 29 CDPKs [144] . Overexpression of OsCPK7 in transgenic rice increased survival following cold stress [145] . Interestingly, overexpression of OsCPK7 and CRTintP1 (calreticulin-interacting protein 1), a possible CDPKinteracting protein [146] , reduced cold damage in transgenic plants and proteomic analysis revealed an increase in calreticulin phosphorylation relative to wild-type plants [147] . Another CDPK from rice, OsCPK13, is salinity-and drought-responsive, and overexpression of OsCPK13 confers increased tolerance to both these stresses [148] . Arabidopsis AtCPK4/11 was found to phosphorylate a drought-responsive zinc-finger domain protein, AtDi19, further suggesting that CDPKs regulate plant abiotic stress responses [37] . Furthermore, Arabidopsis AtCPK3 and AtCPK11 are capable of phosphorylating five of the seven AtDi19 family members that are believed to function in ABA-independent drought and salinity tolerance [38] . This is interesting, given that both AtCPK11 and AtCPK3 have recently been implicated in ABA signalling, and thus these CDPKs may be components of both ABA-dependent and -independent drought-response pathways [124, 125] . Arabidopsis AtCPK23 is another CDPK that plays an important role in osmotic stress tolerance, as loss-of-function cpk23 plants show markedly increased drought and salinity tolerance, whereas overexpression lines display increased drought and salinity sensitivity [149] . Although its targets remain unknown, AtCPK23 may function in both positive regulation of stomatal opening and regulation of K + -acquisition under salinity stress [149] . An ice-plant (Mesembryanthemum crystallinum) CDPK (McCPK1) was found to phosphorylate the pseudo-response regulator McCSP1 under salt stress [150] . McCPK1 displays dynamic subcellular localization, as during osmotic stress it translocates from the plasma membrane and associates with actin filaments, moves to the transcytoplasmic ER, and into the nucleus where it appears to regulate McCSP1 [58, 61, 151] . Furthermore, this change in McCPK1 localization seems to be mediated by a novel v-SNARE (vesicle soluble N-ethylmaleimide-sensitive fusion protein-attachment protein receptor) protein, McCAP1, that interacts with McCPK1 noncatalytically and probably functions as an adapter protein for movement on the cytoskeleton [151] .
Expression analysis suggests that various CMLs also function in response to abiotic stresses such as drought and salinity [12, 152] ; however, functional evidence is lacking for most members of the family. CML18 may be involved in salinity tolerance through interaction with the tonoplastic Na + /H + antiporter AtNHX1 within the vacuolar lumen [79] . CML18 interaction with AtNHX1 is pH-dependent and reduces its Na + /H + exchange activity [79] . Thus acidification of the vacuole under salinity stress could disrupt the CML18-AtNHX1 interaction, thereby increasing AtNHX1 activity to promote Na + sequestration under salinity stress.
CML9 is a candidate for participation in abiotic stress responses, given that cml9-knockout mutants show enhanced tolerance to both salinity and drought stress [153] . Germination of cml9 seeds is not affected by medium containing mannitol, but is delayed in the presence of NaCl, suggesting that CML9 is not involved in general osmotic stress responses. Furthermore, cml9 seedlings are hypersensitive to ABA, and it was hypothesized that CML9 functions as a negative regulator of ABA-dependent salinity tolerance [153] . However, activity of the ABA-and salinityresponsive RD29A promoter is reduced in cml9 mutants upon treatment with ABA or high salinity. Identification of CML9 targets in the future may help to reconcile these apparently conflicting observations. Involvement in the salinity response is also well documented among CBL/CIPKs. Indeed, the first CBL and CIPK described in plants were isolated during a screen for Arabidopsis mutants with altered responses to osmotic stress and were termed SOS3 (salt overly sensitive 3) and SOS2 respectively [44, 154] . Current nomenclature identifies this pair as CBL4 and CIPK24 respectively. A series of detailed studies demonstrated that CBL4 and CIPK24 interact in vitro and in vivo and function during salinity stress through the regulation of a plasma-membranelocalized Na + /H + exchanger, SOS1 [46] . This evidence represents the delineation of a Ca 2+ -mediated pathway, from sensor to target, that is important for the salinity response and is probably conserved across plant taxa. It is noteworthy that, during salinity stress, CIPK24 appears to target other ion transporters at the tonoplast including a H + pump and a Ca 2+ /H + exchanger [155, 156] , although the role of CBLs in these cases is unclear. CBL10 was also shown to play a role in the salinity response through recruitment of CIPK24 to the vacuolar membrane [157, 158] . Kim et al. [157] speculated that CBL10/CIPK24 probably regulate NHX1, a tonoplast Na + /H + exchanger known to play a role in salinity stress [159] . Differential tissue expression of CBL10 compared with CBL4 is expected to contribute to their functional specificity and reflects the need to regulate the salinity response differently across tissues. CBL1 is another family member involved in responses to abiotic stresses including salinity. CBL1 can partner with several CIPKs [49, 50] and was proposed to play a role as an ABA-independent integrator of Ca 2+ signals during various osmotic stresses including salinity [83] . CIPK6 was also recently reported to function during salinity stress in Arabidopsis [142] , although its CBL partner was not identified.
Regulation of ion transport is an emerging theme in CBL/CIPK function. A lesion in CIPK23 was shown to be responsible for the increased sensitivity to low [K + ] observed in Arabidopsis Lks1mutants [160] . CBL1 and CBL9 were identified as CIPK23 partners and the K + channel, AKT1, as the downstream target. These findings were corroborated independently [161, 162] and, collectively, provide compelling evidence for a model where, in response to low K + , Ca 2+ signals activate K + transport through the phosphorylation of AKT1 by either CBL1/CIPK23 or CBL9/CIPK23. The overlapping function of CBL1 and CBL9 ensures a critical response and it is noteworthy that they also regulate another physiological process involving K + transport, stomatal aperture control [161] , although whether AKT1 or another target is responsible remains unknown.
In another nutritional stress study, a role for CIPK8 in nitrate sensing in Arabidopsis was reported [163] . In response to low nitrate, mutant plants lacking CIPK8 expression display impaired induction of early-response genes. CIPK8 participates in the low-affinity nitrate-response system and may also co-ordinate nitrate and carbohydrate metabolism based upon cipk8 microarray analysis [163] and a previous report showing a role for CIPK8 in sugar sensing [164] . The underlying mechanism of CIPK8 function, including which CBLs may be involved during the nitrate response, remains unclear and it will be interesting to determine whether transporters are directly targeted as described above for AKT1 during K + response. CAMTAs (CaM-binding transcriptional activators) mediate responses to both biotic and abiotic stress [165] . Recently CAMTA3 was identified as a regulator of CBF2 expression through an upstream CG-1 regulatory element. CBF2 is one of the transcription factors that induces expression of the wellcharacterized, cold-inducible CBF regulon [63] . In camta3-knockout plants, CBF2 and other cold-inducible transcripts (CBF1 and ZAT12) are strongly down-regulated, as are downstream targets of CBF transcription factors [63] . This evidence positions CaM as an important and early regulator of cold tolerance in Arabidopsis.
Similarly, recent findings indicate that CaM is a key Ca 2+ sensor during response to heat stress in plants [166] [167] [168] [169] . AtCaM3 protein accumulates rapidly following heat stress and transgenic knockout plants show decreased thermotolerance, whereas overexpression of AtCaM3 enhances thermotolerance [166] . AtCaM3 may function through interaction with a CaMbinding protein phosphatase, AtPP7, given that AtPP7-knockout and overexpression lines exhibit phenotypes comparable with the corresponding AtCaM3 transgenics [167] . The Ca 2+ /CaMbinding protein kinase AtCBK3 also functions during response to heat stress. AtCBK3 transgenics show the same heat stress phenotypes as described for AtCaM3 [169] . The heat shock transcription factor AtHSFA1a may be an in vivo target of AtCBK3 [169] , but the targets of AtPP7 remain unknown.
CaM was recently suggested to function in abiotic stress signalling through MAPK phosphorylation cascades. MAPKs are crucial components of pathways controlling stress response and development in plants. MKPs (MAPK phosphatases) help regulate MAPK activity and three plant homologues of MKP1 (from O. sativa, A. thaliana and N. tabacum) interact with CaM [170] [171] [172] . Rice OsMKP1 is strongly induced by wounding along with the MAPKs OsMPK3 and OsMPK6. Loss of OsMKP1 function results in constitutive activation of OsMPK3 and OsMPK6 and in the induction of a suite of wound-responsive genes, indicating that OsMKP1 is a negative regulator of wound signalling [170] . Evidence from Arabidopsis indicates that CaM acts to increase AtMKP1 activity [171] and, although the targets of AtMKP1 are unknown, these studies suggest a role in wound response for these enzymes that may be conserved across taxa.
AtCML19 has been found to regulate DNA lesion repair in response to UV-C stress. AtCML19 transcript levels are up-regulated in response to UV-C treatment and mutants are deficient in in vivo repair of UV-damaged DNA [173] . Additionally, components of the nucleotide excision repair machinery are down-regulated in AtCML19 mutants. Interestingly, AtCML19 interacts with AtRAD4, a component of the DNA damage recognition complex necessary for efficient DNA repair [80] .
Biotic stress
In addition to the abiotic stress response, Ca 2+ signalling plays a critical role in response to biotic stimuli, such as pathogen attack [14, 174] . Members of a tobacco subfamily of CDPKs (NtCDPK2 and NtCDPK3) function in the plant response to biotic stress via regulation of the HR. Gene silencing of these CDPKs in transgenic N. benthamiana results in delayed HR and reduced wilting upon elicitation using gene-for-gene models (Cf-4/Avr4 and Cf-9/Avr9) [175] . Additionally, upon exposure to the elicitor Avr9, NtCDPK2 in Cf-9 tobacco is activated in vivo by phosphorylation [34] . Collectively, these data suggest that this subfamily of CDPKs function upstream of the HR in pathogen response. Furthermore, NtCDPK2 is known to operate in a parallel pathway to MAPK signalling in the ethylene-mediated pathogen response [138] . Two barley CDPKs that are expressed in epidermal cells also appear to function in pathogen defence [176] . Transient expression of a constitutively active form of HvCDPK3 promotes fungal entry, whereas transient expression of constitutively active HvCDPK4 induces spreading of HR-like cell death from the site of transformation. Thus, different CDPKs play specific, possibly antagonistic, roles in the plant pathogen response [176] .
CMLs also function in the HR during host-pathogen interaction. CML24 loss-of-function mutants do not form HR lesions upon infection with avirulent pathogens and guard cells from these plants show impaired NO production in response to bacterial elicitors [177] .
A role for CaM in pathogen response has been well documented, and examples of CaM targets include barley MLO pathogen defence modulator [178] , Arabidopsis AtCNGC2 [74] , NADKs (NAD kinases) [179] and Arabidopsis BAG6 [180] . Recently, CaM was found to act in pathogen defense via CBRLK1-(CaM binding receptor-like kinase 1) [181, 182] . Although the downstream targets of CBRLK1 remain unknown, it is postulated to be a negative regulator of pathogen defence, given that CBRLK1-knockout plants have enhanced pathogen resistance, whereas plants overexpressing CBRLK1 have decreased resistance.
In addition to its role in freezing tolerance discussed above, CAMTA3 (also known as AtSR1) also participates in biotic stress responses [62, 183] . CAMTA3-knockout plants accumulate H 2 O 2 during development, have enhanced resistance to fungal and bacterial pathogens, and show constitutive induction of defence-related transcripts, including PR1 [62] . Moreover, upon bacterial infection, SA (salicylic acid) accumulates more rapidly in CAMTA3-knockout plants, suggesting that CAMTA3 negatively regulates SA accumulation and pathogen defence [183] . A CAMTA3 orthologue has been identified in rice (OsCBT [184] ) and, similar to CAMTA3, negatively regulates the defence response to pathogens [185] . Binding of CaM to OsCBT inactivates the transcription factor to promote initiation of plant immune responses [184] . Interestingly, CaM also positively regulates SA accumulation and pathogen defence through interaction with CBP60g [186] . CBP60g is involved in MAMP (microbe-associated molecular pattern)-induced SA accumulation. CaM binding to CBP60g is essential for CBP60g-mediated induction of pathogen defence [186] . Thus, CaM's role in SA accumulation is complex, as CaM performs two potentially antagonistic functions; both negatively and positively regulating SA levels and pathogen defence through CAMTA3 and CBP60g respectively.
Evidence suggests that several CMLs may function in response to pathogen attack [152, 187, 188] . A CML from tobacco, rgsCaM (for regulator of gene silencing CaM), was found to interact with the TEV (tobacco etch virus) HCPro (TEV helper component protease), and rgsCaM expression is induced in response to TEV infection [187] . HCPro serves to repress post-transcriptional gene silencing in plants during viral infection [187] . Interestingly, overexpression of rgsCaM in transgenic plants causes a deficiency in VIGS (virus-induced gene silencing), suggesting rgsCaM may be an endogenous suppressor of VIGS [187] . It will be interesting to see if orthologues of rgsCaM across plant taxa are also involved in gene silencing.
In tomato, expression of a CML, APR134, is induced by pathogen infection, and silencing of APR134 resulted in a deficient immune response [188] . Overexpression of AtCML43, an Arabidopsis orthologue of APR134, resulted in acceleration of the HR following infection by an avirulent pathogen, suggesting a conserved role for these CMLs across species [188] .
The oxidative burst is another important component of pathogen defence in which CDPKs appear to function. Ectopic overexpression of the Arabidopsis AtCPK1 in tomato protoplasts resulted in an enhanced oxidative burst due to increased NADPH oxidase activity [189] . Interestingly, NADPH oxidases [RBOHs (respiratory burst oxidase homologues)] possess EF-hand motifs at their N-terminus, and AtRBOHD was recently shown to be activated in a synergistic fashion by both Ca 2+ -binding and phosphorylation [190] . Potato RBOHB was found to be an in vitro substrate for two potato (Solanum tuberosum) CDPKs, StCDPK4 and StCDPK5 [191] . Furthermore, StCDPK5 is able to phosphorylate StRBOHB in vivo, and expression of a constitutively active form of StCDPK5 led to increased ROS (reactive oxygen species) production in N. benthamiana [191] . An additional role for AtCPK1 during pathogen defence has been described: AtCPK1 phosphorylates phenylalanine ammonia lyase [192] , an enzyme which catalyses a critical step in the production of defensive secondary metabolites [174] . [65] [66] [67] [68] 193, 194] . These CCaMKs affect both nodule organogenesis and rhizobial colonization of roots. Deregulation of LjCCaMK leads to spontaneous nodule development, whereas loss of MtDMI3 function results in an inability to form nodules [65, 67] . In each case, rhizobia are unable to colonize roots. Additionally, Medicago and rice DMI3 mutants are deficient in their ability to form proper AM fungal symbioses [65, 68] . The rice orthologue, OsDMI3, is able to rescue MtDMI3 knockouts, indicating functional conservation across diverse plant taxa [66] . Indeed, DMI3/CCaMK orthologues have been identified in a number of plant species including maize, sorghum and barley [195] , but are absent from the Arabidopsis genome. As neither Arabidopsis nor other members of the Brassica family form any known root symbioses, these findings suggest that DMI3/CCaMK may be essential for plant/microbial symbioses. Recent identification of downstream targets of DMI3/CCaMK indicates that DMI3/CCaMK constitutes a branch point in symbiosis signalling, initiating both nodule organogenesis and rhizobial/AM fungal colonization signalling. IPD3 (Medicago and rice) and CYCLOPS (Lotus) are orthologues of unknown function that interact with DMI3/CCaMK [195] [196] [197] . In Medicago, IPD3 mutants are able to form nodules, but are impaired in their ability to allow rhizobial and AM fungal colonization [195] . Likewise, rice IPD3 and Lotus CYCLOPS mutants do not show AM fungal colonization of roots [196, 197] . CYCLOPS is a phosphorylation target of LjCCaMK, but the functional significance of the DMI3-IPD3 interaction in Medicago and rice is unknown [197] . IPD3/CYCLOPS thus functions downstream of DMI3/CCaMK to mediate microbial colonization of plant roots. The pathway regulating nodule organogenesis may be controlled through interaction of DMI3/CCaMK with NIN (for nodule inception), but this remains to be determined [198] . Nevertheless, it is clear that CaM plays a key role in both bacterial/AM fungal colonization and nodule organogenesis through regulation of CCaMKs.
CDPKs also appear to serve a regulatory function in microbial symbioses. In M. trunculata, MtCDPK1 is important for normal cell-wall biosynthesis, and loss of MtCDPK1 function inhibits symbiosis [199] . Another member of this protein family in Medicago, MtCPK3, was recently found to regulate both rhizobial and mycorrhizal associations [200] . MtCPK3 RNAi lines showed an increase in nodule number similar to the supernumary nodule formation mutant, sunn [200] [201] [202] . Consistent with this observation, sunn mutants display a reduction in MtCPK3 expression, supporting a role for MtCPK3 in early regulation of nodule number [200, 202] .
Recently, a small family of novel CaML (CaM-like) proteins was identified in M. trunculata that share ∼ 50 % amino acid identity with conserved CaM and seem to be a group distinct from CaMs or CMLs [203] . The entire six-member family is expressed specifically in root nodules and transcripts are only detectable following the sixth day post-inoculation [203] . Notably, CaML transcript expression seems to be temporally co-ordinated with the onset of nitrogen fixation, and CaML-GFP (green fluorescent protein) fusion proteins localize to the symbiosome space [203] . The presence of multiple, nodule-specific Ca 2+ sensors suggests continuous communication between plant and bacteroid throughout the lifetime of the symbioses.
FUTURE DIRECTIONS AND CONCLUDING REMARKS
Although the literature shows that many CDPKs, CaMs/CMLs and CBLs play important roles in plant signal transduction, only a few members from any of these families have been thoroughly characterized and there remains much to learn. Moreover, there is far more speculation than empirical evidence about the role of Ca 2+ binding to these EF-hand proteins: very few have been unequivocally proven to function as Ca 2+ sensors. Indeed, it has been commonly hypothesized, but rarely tested, that sequence variation among EF-hands of these proteins allows them to respond differentially to Ca 2+ signals. Thus there is a need for detailed biochemical analysis of the Ca 2+ -binding properties (e.g. dissociation constants, stoichiometry, ligand specificity) of EFhand proteins in plants. Isothermal titration calorimetry, flow dialysis and chelator competition assays are among some of the analytical tools well-suited to explore the biochemistry of Ca 2+ -binding proteins. Such analyses will help direct studies aimed at elucidating how Ca 2+ regulates these proteins in vivo. In addition, where practical, properties of native proteins should be examined and, in particular, the roles of post-translational modifications explored. Furthermore, there is a need to expand our knowledge of the structural properties of EF-hand proteins (and their interacting targets) through NMR or crystallography in order to understand how these proteins serve to translate Ca 2+ fluxes into cellular responses. One of the most important areas for future research should be the identification of the physiologically relevant protein targets of CDPKs, CaM, CMLs and CBL-CIPKs. We will only understand the roles of Ca 2+ sensors after we isolate and characterize the proteins that they regulate. Recent advances in protein-protein interaction technology [e.g. proteome chips, TAP (tandem affinity purification)-tagging, kinase target peptide arrays] should accelerate the pace of discovery and help to delineate Ca 2+ -dependent signalling pathways. In addition, reverse genetics will continue to be an essential approach to explore Ca 2+ sensor function. The expanded use of transgenics with multi-gene knockouts, generated via crosses or synthetic RNAi-mediated approaches, will be necessary to address issues of functional redundancy within and potentially between Ca 2+ sensor families. Other emerging technologies (metabolomics, single-cell transcriptomics and proteomics etc.) should be used to complement mutant analysis and provide insight into the specific pathways affected by Ca 2+ sensor disruption. Given the complexity of Ca 2+ signalling in many physiological events, we need to address questions about cross-talk between pathways under regulation by different classes of sensors or different members within the same class. Ultimately, the goal should be to integrate our knowledge of the biochemistry and genetics of Ca 2+ sensors with that of other regulatory proteins into a comprehensive model of whole plant physiology. Although the evolutionary expansion of Ca 2+ sensor families in plants has set a daunting task for researchers, it is a challenge that cannot go unmet given the universality and importance of Ca 2+ signalling in plant biology. 
